Context. Subdwarf B stars (sdB) are important to stellar evolutionary theory and asteroseismology, and they are crucial to our understanding of the structure and evolution of the Galaxy. According to the canonical binary scenario, the majority of sdBs are produced from low-mass stars with degenerate cores where helium is ignited in a way of flashes. Owing to numerical difficulties, the models of produced sdBs are generally constructed from more massive stars with non-degenerate cores. This leaves several uncertainties on the exact characteristics of sdB stars. Aims. The purpose of this paper is to study the characteristics of sdBs produced from the common envelope (CE) ejection channel. Methods. We used the stellar evolution code Modules for Experiments in Stellar Astrophysics (MESA), which can resolve flashes during stellar evolution. To mimic the CE ejection process, we first evolved a single star to a position near the tip of the red giant branch, then artificially removed its envelope with a very high mass-loss rate until the envelope began to shrink. Finally, we followed the evolution of the remnant until it became a helium or a carbon-oxygen white dwarf. Results. The sdB stars produced from the CE ejection channel appear to form two distinct groups on the effective temperature-gravity diagram. One group, referred to as the flash-mixing sdBs, almost has no H-rich envelope and crowds at the hottest temperature end of the extreme horizontal branch (EHB), while the other group, called the canonical sdBs, has significant H-rich envelope and is spread throughout the entire canonical EHB region. The key factor for the dichotomy of the sdB properties is the development of convection during the first helium flash, that is, that the convection region penetrates the H-rich envelope in the case of the flash-mixing sdBs, but fails to do this in the case of the canonical sdBs. Conclusions. The dichotomy of the sdB properties from the CE ejection channel is intrinsic and caused by the interior structure of the star after the CE ejection. The modelling of the CE ejection process will greatly change the parameter space for the two typical groups of sdB stars. If the CE ejection stops early for a given initial stellar mass and a given core mass at the onset of the CE, then the star has a relatively massive H-rich envelope, which generally results in a canonical sdB. Observationally, only a few sdB binaries with short orbital periods are located in the flash-mixing sdB region, and there is a lack of He-rich sdBs in binaries with short orbital periods. This indicates that flash mixing is not very frequent in products of the CE ejection. A falling-back process after the CE ejection, similar to what occurs in nova, is an appropriate way of increasing the envelope mass, and it then prevents flash mixing.
Introduction
In the Hertzsprung-Russell diagram (HRD), subdwarf B (sdB) stars are located between the upper main sequence (MS) and the white dwarf (WD) cooling sequence at the blueward extension of the horizontal branch. They are also known as extreme horizontal-branch (EHB) stars in globular clusters (GCs). SdB stars are important in several aspects. The study of their origin significantly improved our knowledge of stellar and binary evolution theory (see the review of Heber 2009 Heber , 2016 ). Short-period sdB binary systems are candidates of type Ia supernova progenitors (Maxted et al. 2000a; Wang & Han 2009 ). Many sdB stars show multiperiodic pulsations, and those stars are important objects of asteroseismology study (Charpinet et al. 2010) . SdB stars have been used as distance indicators and as a probe to study the Galactic structure and evolution (see the review of Heber 2009 Heber , 2016 Altmann et al. 2004) . They are also considered to be crucial sources of far-ultraviolet radiation in early-type galaxies (Ferguson et al. 1991; Brown et al. 2000; Han et al. 2007) since they are hot (with an effective temperature T eff of between 20000-40000 K) and have relatively long lifetimes (∼ 10 8 yr). SdB stars are generally believed to be helium-core-burning stars with extremely thin hydrogen envelopes( < 0.02M ⊙ ). More than half of them are found in binaries (Maxted et al. 2001;  A&A proofs: manuscript no. language Napiwotzki et al. 2004; Copperwheat et al. 2011) . Han et al. (2002 Han et al. ( , 2003 developed a detailed binary model for the formation of sdBs that successfully explains field sdBs, possibly EHB stars in GCs (Han 2008) , and sdBs on long-orbital periods observed recently ). In the binary scenario, there are three formation channels for sdBs: stable Roche-lobe overflow (RLOF) for those with long orbital periods, common envelope (CE) ejection for those with short orbital periods, and the merger of helium white dwarfs (WD) for single sdBs.
The key point of the three channels is the He ignition in the core. In most instances, the He core is degenerate and the He ignition is explosive, that is, there are several He flashes before stable He core burning is established. Because of numerical difficulties in dealing with flashes in most stellar evolution codes, almost all the sdB models are artificially constructed from relatively massive stars with non-degenerate cores (e.g. Brown et al. 2001; Han et al. 2002) . The constructed sdB stars generally have the same core mass as in the progenitors at the He ignition, but the composition in the envelope may be different based on different assumptions. The He flashes may alter envelope mass and element abundances (Brown et al. 2001; Sweigart et al. 2004) . A detailed study of the He flash process before the stable Hecore burning is necessary and important for our understanding of the characteristics of sdB stars and for the study of asteroseismology. The newly developed stellar evolution code MESA (Modules for Experiments in Stellar Astrophysics, Paxton et al. 2011 Paxton et al. , 2013 Paxton et al. , 2015 can resolve dramatic changes such as flashes in stellar evolution and therefore provides a good opportunity for studying the characteristics of sdBs in details. In general, the basic equations of stellar structure and evolution are written as difference equations in stellar evolution codes. The dramatic changes in stellar structure such as flashes make the difference approximation invalid and the codes are then difficult to converge. MESA employs adaptive mesh refinement and sophisticated timestep controls, and the convergence criteria will be automatically adjusted under some difficult circumstances such as flashes. All these factors facilitate using MESA to deal with the dramatic changes in stellar structures without the convergence problem (Paxton et al. 2011 (Paxton et al. , 2013 . Schindler et al. (2015) constructed a series of sdB models using MESA. These models reproduced the general properties of the zero-age EHB and the interior structures of sdB stars from asteroseismology. The origin of sdB stars is ignored in their study, which may play a crucial role in the structure of sdB stars, especially for the mass and composition in the envelope. For example, sdB stars from stable RLOF are considered to have a higher envelope mass than those from the CE ejection channel (Han et al. 2002) . This envelope mass may further affect the He flash process and the final envelope mass and composition of sdB stars. Much evidence shows that most of sdBs are in short orbit-period binaries (Saffer et al. 1998; Jeffery & Pollacco 1998; Koen et al. 1998; Orosz & Wade 1999; Moran et al. 1999; Maxted et al. 2000a Maxted et al. ,b, 2001 Barlow et al. 2013; Kupfer et al. 2015) . This means that the CE ejection channel is a major mechanism for producing sdBs.
In this paper, we employ MESA to systematically study the characteristics of sdBs from the CE ejection channel. In Sect. 2 we introduce the basic inputs in the code and the method of simulating the CE process. The results are presented in Sect. 3, where we describe that the sdB stars produced from the CE ejection channel show two distinct groups on the effective temperature-gravity diagram. In Sect. 4 we discuss how the results are influenced by the treatment of CE ejection, mass loss Fig. 1 . Evolutionary tracks on the Hertzsprung-Russell diagram for the four stars studied in the paper. The X and the filled dot mark the positions where the star fills its Roche lobe and begins the CE evolution. The X shows stars with a strong H flash after the main He flash and the filled dots stars without such a strong H flash (see text for details).
during He flashes, metallicity, and some observationally related objects. A conclusion is given in Sect. 5.
Stellar evolution calculations
We used version 7184 of MESA and adopted the physics options similar to those in the standard model of Schindler et al. (2015) , that is, the element abundances are chosen for population I stars, Z = 0.02 and X = 0.70 for the metallicity and hydrogen mass fraction, respectively, and the nuclear network is pp cno extras o18 ne22.net, in which all relevant reactions for H and He burning are included. The mixing length parameter, α MLT , is set to 2 and the opacity table is OPAL type II, which allows the abundances of C and O to vary with time. For simplicity, no stellar wind or other mass loss is included in our calculations except for the CE ejection.
In the CE ejection channel, the progenitor of an sdB is a giant and fills its Roche lobe near the tip of red giant branch (RGB). The following mass transfer is dynamically unstable, and a common envelope forms. The donor core and the companion spiral in the CE. As a result of the friction between the inner binary and the CE, the orbit decays and the orbital energy is released and deposited in the envelope. The envelope may be ejected eventually when the released orbital energy is higher than the binding energy of the envelope (Han et al. 2002) . The whole process is dynamical (with a timescale of ∼ 10 3 yr, see Ivanova et al. 2013 , and references therein), and cannot yet be simulated by MESA. We therefore modelled this process in a way similar to that of Han et al. (2002) . We first evolved a single star to the position where the CE begins (near the tip of RGB), then artificially removed the envelope with a high mass-loss rate (10 −3 M ⊙ yr −1 ). In general, the giant expands dramatically as a result of mass loss and suddenly contracts after almost all of the envelope has been lost. We stopped the mass loss when the star started to collapse, that is, when the radius of the star, R, was equal to the initial radius at the beginning of mass loss, R 0 . The evolution of the remnant was followed until the surface temperature is lower than 5000 K, that is, the star evolved to a cool He WD or a carbonoxygen WD (after an sdB phase). The treatment of the CE process may affect the properties of the produced sdBs, as discussed in Sect. 4. 
ZAHeMS ZAHeMS Kupfer et al. 2015 Maxted et al. 2001 We adopted four initial stellar masses (the mass donor) for our study: M i = 0.8M ⊙ , 1.0M ⊙ , 1.26M ⊙ , and 1.5M ⊙ . For each mass, we systematically investigated a series of positions where the CE begins on the RGB, that is, the core mass increases from the minimum mass allowed for He ignition to the tip of RGB in steps of 0.002M ⊙ . If the core mass at the onset of the CE is lower than the minimum mass, helium cannot be ignited and the remnant will directly evolve into a He WD (see Han et al. 2002) . Figure 1 shows the positions to be studied on the evolutionary tracks. The initial mass and core mass for each point are listed in Table. 1.
Characteristics of sdB Stars from our models

Location on the T eff − logg diagram
We calculated 44 models and all the produced sdBs are presented on the temperature-gravity (T eff − logg) diagram (Fig. 2) , which shows that for each donor the produced sdB stars are clearly separated into two groups. One group has almost no H-rich envelope and is crowded at the hottest temperature end of the EHB, very close to zero-age helium main sequence (ZAHeMS, the dotdashed lines). The other group has a significant H-rich envelope and is spread throughout the entire canonical EHB region. The effective temperature increases discontinuously at the transition between the two groups, leaving a gap on T eff − logg diagram. Only two products are found to be located in the gap from our
Article number, page 3 of 12 Table 1 . Properties of sdB stars produced from the CE ejection channel in our study. The first four columns show the initial mass of the donors M i , the core mass at the onset of the CE process M c , the core mass just before the first He flash M * c , and the remnant mass after the CE process M sdB , respectively. Columns 5-9 list the total hydrogen mass M H , surface He abundance (Y), surface C abundance (X C ), surface N abundance (X N ), and surface O abundance (X O ), respectively, as He burns stably in the core. The masses are in units of solar mass. Note that the differences between M c and M * c are caused by the H-shell burning after the CE ejection. The treatment of the CE ejection process may affect the envelope mass after the ejection and the core mass at the first He flash. However, the main results will not change, as discussed in Sect. 4. models. The products in the first group have higher He and C abundances in the envelope than those in the second group (Table 1). In the following, we show that the convection developed during the first He flash causes the dichotomy of the sdB properties. For convenience, we refer to the first class as the flashmixing sdBs and to the second class as the canonical sdBs.
The observed sdB binaries with short-orbital periods (Maxted et al. 2001; Kupfer et al. 2015) are presented in sdBs, but several sdBs are located in the blue extension of the canonical sdBs, that is, some are located in the gap between the two groups and some are on the flash-mixing sdB tracks, but the number density is obviously lower than that in the canonical sdB region. We discuss this in Sect. 4.1. A few sdBs are obviously bluer or hotter (with T eff > 34, 000K and logg < 5.6) than the others and are located in a region through which our models pass quite quickly. These samples are very probably not produced by our models because all the donors here have degenerated cores and the produced sdBs have very similar masses of about 0.47M ⊙ . By comparing the location of these objects with the locations in panel (d) of Fig. 2 of Han et al. (2002) , we found that these sdBs probably have masses more massive than 0.55M ⊙ . Then, to produce such sdBs, the initial mass of the progenitors should be more massive than 3.2M ⊙ according to Table  1 of Han et al. (2002) .
Origin of the dichotomy in the sdB properties
For each group of sdBs, we chose one typical model to show the details during He flashes. The model for the flash-mixing sdBs has an initial mass of 0.8M ⊙ and a core mass of 0.448M ⊙ at the onset of the CE ejection. The model for the canonical sdBs has the same initial mass, but a core mass of 0.458M ⊙ at the onset of CE ejection. Figure 3 shows their evolutionary tracks after the CE ejection on the HRD and the positions of the first He and H flashes.
The flash-mixing model is shown as the red dashed line in Fig. 3 . For this model, the first He flash occurs when the star descends the WD cooling sequence, and it is followed by a very strong H flash. The He-and H-burning luminosities during the flashes are presented in Fig. 4 , where the structure of convection near the surface is also presented to understand the surface composition of the products, then their positions on HRD. Figure 4 shows that the convection has developed during the He flash and penetrates the H-rich envelope (the H-rich boundary is defined as that with H abundance X = 0.1). Most of the H-rich matter has been included into the hot helium-burning region and is ignited. We therefore see an additional strong H flash following the He flash. The maximum luminosity of the H flash is L H ∼ 10 10 L ⊙ , even higher than that of the He flash. As a result, almost all H has been burnt into He and the remnant is almost a naked He core. All the flash-mixing sdBs have similar processes during the first He flash and crowd at the hottest temperature end of the EHB, very close to ZAHeMS.
For the canonical model (the blue solid line in Fig. 3 ), however, the first He flash occurs much earlier, when the star approaches the maximum temperature after the CE ejection, and the convection region developed in the flash never penetrates the H-rich envelope (see Fig. 5 ). The H-rich matter is therefore not included in the hot helium burning region, and the strong H flash that appeared in the flash-mixing model never occurs in this model. The H-burning is moderate in the envelope, and significant H-rich material has been left when the stable He-core burning is established. The sdBs produced in this way spread A&A proofs: manuscript no. language throughout the entire sdB region, and the exact location on the T eff − logg diagram is related to the H-rich envelope mass that is left, as studied previously Heber 2016) .
Whether the temporary convection induced by the first He flash penetrates the H-rich envelope depends on the position at which the first He flash occurs, as discussed by Brown et al. (2001) . If the first He flash occurs just after the end of mass loss (due to a strong wind, the CE ejection or Roche lobe overflow), that is, when the star approaches the maximum temperature or near the top of the WD cooling sequence, then a high entropy barrier at the bottom of the H-rich envelope prevents the convection from penetrating the envelope. The entropy barrier is caused by H-shell burning in the red giants and is maintained when the remnant moves toward the maximum effective temperature just after the end of CE ejection as a result of relatively high H-shell burning rates during this phase, but it becomes lower and lower when the remnant descends the WD cooling curve because of the decrease of the energy production rate in the H-burning shell resulting from the decrease in temperature within the shell. The convection then penetrates the entropy barrier and very easily enters the H-rich envelope. As a consequence, most of H in the envelope is burnt (see also Iben 1984; Castellani & Castellani 1993; D'Cruz et al. 1996; Lanz et al. 2004 ). This leads to the dichotomy in sdB properties and to a discontinuous increase in T eff between the two classes, leaving a gap on the T eff − logg diagram, as presented in Fig. 2. The mixing between the core and the H-rich envelope may be complete or incomplete. This furthermore divides the flash mixing into two subtypes: deep mixing and shallow mixing. This has been shown by Sweigart et al. (2004) , where the products with deep mixing are similar to those of the flash-mixing sdBs in our study, and those with shallow mixing are located in the gap between the flash-mixing sdBs and the canonical sdBs. Two models in our calculation, M i = 1.0M ⊙ , M c = 0.456M ⊙ and M i = 1.5M ⊙ , M c = 0.458M ⊙ , are located in the gap (see Fig. 2 ). Their behaviour on the HRD is similar to that of the canonical sdBs in Fig. 3 , except that the first He flash occurs when the stars have entered the WD cooling sequence but are still hot enough. The temporal evolution of the H-and He-burning luminosity and the convection region during the He flashes for the model of Fig. 6 . The convection induced by the first He flash penetrates the H-rich envelope, but much later than in Fig. 4 , which means that the penetration occurs when the first He flash is extinct. In this case, the H-rich material has not been involved in a high-temperature region to be consumed. In the following series of He flashes, the convection region never penetrates the H-rich envelope again. The products with shallow mixing then have a surface H abundance between that of deep mixing and that of the canonical sdBs, and remain in the gap between the two classes.
Discussions
Modelling the CE ejection process
We mimicked the CE ejection process using a very high massloss rate (10 −3 M ⊙ yr −1 ) and stopped the ejection process when the star began to collapse. In other words, the radius of the star, R, is equal to the initial radius at the beginning of mass loss, R 0 . Although this modelling is physically reasonable, there is still a large uncertainty because of the lack of detailed dynamical sim- 
ulations. The mass of the envelope, which is determined by the endpoint of the ejection process, is a key factor that can alter the properties of the produced sdBs, since it is related to the development of the convection region during the He flashes. The end of the CE ejection process is therefore very important here. In this subsection, we examine this by artificially fixing the remnant mass after the CE ejection process. To do this, the ejection process is stopped when the star has a mass equal to a specified value. The examined star has an initial mass of M i = 1.0M ⊙ and a core mass of M c = 0.446M ⊙ at the onset of the CE ejection. The produced sdB is a flash-mixing sdB with a mass of 0.453M ⊙ from our study in Sect. 3 (the standard model hereafter). Various stellar masses after the CE ejection process are adopted:
The results are shown in Fig. 7 , where the products crowd at the hottest end of EHB when M sdB = 0.452 − 0.466M ⊙ , and spread throughout the canonical sdB region when M sdB ≥ 0.468M ⊙ . This means that the envelope mass (or the position at which the CE ejection terminates) determines the place of the produced sdBs on the T eff − logg diagram. Our study shows that for a given initial stellar mass and a given core mass at the onset of the CE, the star has a more massive envelope when the CE ejection stops earlier.
The product is then more likely to be a canonical sdB, and the opposite holds when the CE ejection stops later. Very few sdB binaries with short orbital periods are located on or near the flashing-mixing sdB tracks, as described in Sect. 2. This suggests that the envelope mass after the CE ejection is probably more massive than that expected before. We here stopped the ejection when the donor contracted back into its Roche lobe, R L . The value of R L is ≈ R 0 at the onset of the CE and decreases with the ejection process. The assumption that the ejection ends as R < R 0 is therefore an upper limit and gives the maximum envelope mass left on the remnant. For example, we could have obtained a lower envelope mass if we had replaced R L with the critical Roche-lobe radius of the remnant or the core radius before the CE ejection. Furthermore, Hall & Tout (2014) showed that the post-CE stripped remnant radius is smaller than that of the pre-CE core when the star is in HG or on RGB ( Table  3 of that paper). This allows the companions to spiral in more closely to the core than before, and the envelope mass of the remnant decreases further if this is the case. A falling-back process, similar to the process that occurs in nova, probably occurs in the CE ejection and provides an appropriate way of increasing the envelope mass. The detailed process is beyond of the scope of this paper.
Mass loss during flashes
We did not include any mass-loss process except for the CE ejection for simplicity. However, the star obviously loses some material when it evolves on the RGB or during strong flashes. The stellar wind on the RGB may change some orbit parameters of sdB binaries such as the orbital period, but it probably does not affect the properties of the sdB stars, which are determined by the evolution after the envelope is stripped. The mass loss during the flashes will reduce the envelope mass of a pre-sdB star, then alters its final position on the T eff − logg diagram when stable He-core burning begins. There are two ways of mass loss during the flashes: a strong stellar wind driven by the violent flashes, and Roche lobe overflow when the pre-sdB star expands to exceed its Roche lobe radius. The effect of mass loss on the sdB mass is negligible since the mass loss is too small in comparison to M sdB , but the effect on the envelope mass may be significant since the envelope mass is itself very low. The mass loss is expected to be higher for the flash-mixing sdBs than for the canonical sdBs because of the additional strong H flash after the first He flash. For the flash-mixing sdBs, the surface He and C abundance presented in Table 1 may be further enhanced, but their locations on the T eff − logg diagram will not change much since these objects have nearly H-exhausted envelope. For the canonical sdBs, the mass loss reduces the envelope mass, and the tracks will move towards the lower left on the T eff − logg diagram. As a consequence, the sdBs immediately above the gap may change into flash-mixing or the shallow-mixing sdBs, while the upper right lines, where very few observational samples are located, will move downwards, which is better consistent with the observations.
Effect of metallicity
All the studies above are for Population I stars (Z = 0.02). Here we show some models for Z = 0.004 to demonstrate the effect of metallicity on the final results. The star has an initial mass of 1.0M ⊙ and various core masses at the onset of the CE process (see Table 2 ). The results are shown in Fig. 8 . They are very similar to those of Population I stars except for the exact positions on the T eff − logg diagram, that is, the produced sdBs appear as two groups, one group crowds at the hottest end of EHB (for M c = 0.453 − 0.456M ⊙ ), and the other group spreads throughout the canonical sdB region (for M c ≥ 0.466M ⊙ ). The whole tracks of Z = 0.004 move towards the lower left on the T eff − logg diagram, that is, sdBs with low initial metallicities have higher surface gravities (or smaller radii) and higher effective temperatures because of the lower opacity of the envelope during He-core burning. The luminosity of sdBs is mainly determined by the core mass during He-core burning. For Z = 0.004, the minimum core mass for He ignition at the first He flash is A&A proofs: manuscript no. language (Table 2 ), but it is 0.449M ⊙ for Z = 0.02 (Table 1) . The flash-mixing sdB stars with Z = 0.004 are therefore more luminous than those with Z = 0.02. The study here suggests that the observed sdBs in the gap between the flash-mixing sdBs and the canonical sdBs can be well understood by adopting various metallicities.
He-rich sdB stars
Since He and C have been enhanced in the envelope during the flash mixing (see Table 1 ), the flash-mixing sdBs may be connected with the He-rich sdB stars. Figures 9 and 10 show comparisons of our models with observations in the T eff − [He/H] diagram and in the T eff − [C/H] diagram. The observed atmospheric parameters of sdBs are from Németh et al. (2012) , who divided the sample into three types according to the ratio of He to H abundance, log (n He /n H ): H-rich if log (n He /n H ) < −0.349, intermediate He-rich if −0.349 ≤ log (n He /n H ) ≤ 0.6, and Herich if log (n He /n H ) > 0.6. Figure 9 shows that the flash-mixing sdBs (the diamonds) have similar surface abundances as intermediate He-rich and He-rich sdB stars, while the canonical sdBs (the stars) are located near the boundary that separates the Hrich and intermediate He-rich sdBs. We note that with the evolving sdBs, the effective temperature increases and the surface He abundance probably reduces when the gravity setting is considered. The theoretical models then move left downwards, that is, the flash-mixing models may cross the intermediate He-rich and He-rich samples and the canonical models will cross the H-rich samples. o 1123, has been found on a short orbital period (Naslim et al. 2012) , and its location on the T eff − logg diagram seems not relevant to the flash-mixing model. The lack of He-rich sdBs on short-orbital periods further indicates that the flash mixing does probably not occur in the products of the CE ejection. The reason for this probably is the relatively massive envelope mass, which in turn resulted from a falling-back process after the CE ejection, as discussed in Sect. 4.1.
Blue hook stars in GCs
Blue hook stars occupy a very blue position on the HB, but with a fainter luminosity than normal EHB stars. Their formation mechanism is not very clear. Brown et al. (2001) suggested that the late hot He flash, which occurs as the star descends the WD cooling curve, can reproduce such objects. The progenitors in the study of Brown and colleagues undergo unusually huge mass loss on the RGB, and the products are constructed based on some assumptions that are due to the numerical difficulties in dealing with the He flashes. Lei et al. (2015) reproduced the blue hook stars in NGC 2808 by employing tidally enhanced stellar wind in binaries. The evolutions after the mass loss are very similar to the evolution shown in this paper since the remnants have very similar structures regardless of how the the mass stripping occurs (CE ejection or strong stellar wind). Our study then provides a new way to forming the blue hook stars in GCs. Furthermore, sdB stars from stable mass transfer may also have similar processes if the envelope mass is low enough. The flash mixing is crucial in all of the suggested formation channels and leads to similar observational properties for the blue hook stars themselves. The hints of their origins probably exist in the orbital parameters, such as the orbital period if they were in binaries.
Comparison with sdBs with long orbital periods
Using MESA, Vos et al. (2015) and Lei et al. (2015 Lei et al. ( , 2016 obtained several sdBs with long orbital periods through stable mass transfer or tidally enhanced stellar wind. These sdBs with long orbital periods are also divided into three classes: flash-mixing sdBs, shallow-mixing sdBs, and canonical sdBs. However, we did not find any discussions on the numbers of the shallowmixing sdBs. On the other hand, we found relatively broad orbital period ranges for sdBs with late flashes (to produce the flash-mixing and the shallow mixing sdBs) in Lei et al. (2016) . Based on our results, which are that the envelope mass of the pre-sdBs determines the properties of the sdB stars and that the envelope mass range for the shallow-mixing sdBs is very narrow, most of the products from the models in the orbital period ranges for late flashes may be the flash-mixing sdBs and not the shallow-mixing sdBs. If a large portion of the produced sdBs in the orbital period ranges for late flashes are shallow mixing, the tidally enhanced wind is then very favourable for forming sdBs with an envelope mass exactly in the range for the shallowmixing sdBs.
Conclusions
Employing the code MESA, we studied the properties of sdBs produced from the CE channel. The stars appear as two distinct groups on the T eff − log g diagram: the flash-mixing sdBs, and the canonical sdBs, as defined in this paper. The flash-mixing sdBs have almost no H-rich envelope and are crowded at the hottest temperature end of EHB, while the canonical sdBs have a significant H-rich envelope and are spread throughout the entire canonical EHB region.
The key factor for the dichotomy of the sdB properties is the extent of convection during the first helium flash. For the flashmixing sdBs, the star enters the CE process earlier and has a lower He core mass. The first helium flash occurs when the star descends the WD cooling curve and is followed by a violent hydrogen flash, which is triggered by convective element mixing between H-rich envelope and He-burning region. Hydrogen in the envelope is then almost exhausted and the products are almost naked He cores. For the canonical sdBs, the star enters the CE process later and has a more massive He core. The first helium flash occurs much earlier, and the convection induced by the helium flash never penetrates the H-rich envelope because of A&A proofs: manuscript no. language the high entropy barrier of H-rich envelope. The products then remain significant H-rich envelope and are spread throughout the entire canonical EHB region. Their positions are determined by the H-rich envelope mass as studied in many previous works. Therefore, the dichotomy of the sdB properties from the CE ejection channel is intrinsic and caused by the interior structure of the star after the CE ejection.
The treatment of convection and the modelling of the CE ejection process will greatly change the parameter spaces for the two typical groups of sdB stars. For a given initial stellar mass and a given core mass at the onset of the CE, the star will be more massive and have a more-massive envelope if the CE ejection stops earlier. The produced sdB is more likely to be a canonical sdB, and the opposite holds for later ejection. The fact that very few short-orbital period sdB binaries are located in the flashmixing sdB region means that the sdBs produced from the CE ejection have a more massive envelope mass than expected. The lack of He-rich sdBs with short orbital periods also indicates that the flash mixing is rare in the products of the CE ejection. A falling-back process after the CE ejection, similar to what occurs in nova, is an appropriate way of increasing the envelope mass, then prevents the flash mixing.
The effective temperature at the transition between the two groups decreases discontinuously, leaving a gap on the T eff − log g diagram. Only two products are found to be in the gap from our model grid. The properties of the two models are consistent with the properties of shallow mixing (mixing is incomplete) and can well explain the blue hook stars in NGC 2808. Various formation scenarios for blue hook stars give similar characteristics of these objects, and hints of their origins probably exist in the orbital parameters if they were in binaries. Article number, page 11 of 12 A&A proofs: manuscript no. language Table 2 . Models investigated for a metallicity of Z = 0.004. The star has an initial mass of 1.0M ⊙ . The first three columns show the core mass at the onset of the CE process M c , the core mass just before the first He flash M 0.011 1.254 × 10 (Németh et al. 2012 ) on the effective temperature-gravity diagram. The shaded area between the lowest two lines is the region of the evolutionary tracks that are occupied by the flash-mixing models. The age difference between adjacent crosses on the evolutionary tracks is 10 7 yr. The cross stands for CPD-20 o 1123, an intermediate He-rich sdB with an orbital period of 2.3698 d (Naslim et al. 2012) . The grey lines are the tracks during helium flashes before stable He-core burning.
